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Abstract. The objective of this study is to demonstrate how
polar ozone depletion can be mapped and quantiﬁed by as-
similating ozone data from satellites into the wind driven
transport model DIAMOND, (Dynamical Isentropic Assim-
ilation Model for OdiN Data). By assimilating a large set of
satellite data into a transport model, ozone ﬁelds can be built
up that are less noisy than the individual satellite ozone pro-
ﬁles. The transported ﬁelds can subsequently be compared to
later sets of incoming satellite data so that the rates and geo-
graphical distribution of ozone depletion can be determined.
By tracing the amounts of solar irradiation received by differ-
ent air parcels in a transport model it is furthermore possible
to study the photolytic reactions that destroy ozone.
In this study, destruction of ozone that took place in
the Antarctic winter of 2003 and in the Arctic winter
of 2002/2003 have been examined by assimilating ozone
data from the ENVISAT/MIPAS and Odin/SMR satellite-
instruments. Large scale depletion of ozone was observed
in the Antarctic polar vortex of 2003 when sunlight returned
after the polar night. By mid October ENVISAT/MIPAS data
indicate vortex ozone depletion in the ranges 80–100% and
70–90% on the 425 and 475K potential temperature levels
respectively while the Odin/SMR data indicates depletion in
the ranges 70–90% and 50–70%. The discrepancy between
the two instruments has been attributed to systematic errors
in the Odin/SMR data.
Assimilated ﬁelds of ENVISAT/MIPAS data indicate
ozone depletion in the range 10–20% on the 475K potential
temperature level, (∼19km altitude), in the central regions
of the 2002/2003 Arctic polar vortex. Assimilated ﬁelds of
Odin/SMR data on the other hand indicate ozone depletion
in the range 20–30%.
Correspondence to: J. D. R¨ osevall
(rosevall@rss.chalmers.se)
1 Introduction
For more than two decades massive photochemical depletion
of ozone has been observed each spring below ∼22km alti-
tude in the Antarctic polar vortex (Farman et al., 1985). In-
dications of corresponding, albeit smaller depletion of ozone
in the Arctic spring have also been found (Rex et al., 1998;
Newman et al., 2002). The standard explanation for these
phenomena involves activation of chlorine reservoir species
in heterogeneous reactions that take place on aerosol-particle
surfaces in so called polar stratospheric clouds. Polar strato-
spheric clouds consist of both crystalline and liquid aerosols
of nitric- and sulphuric-acid that form inside the polar vortex
during the polar winter night. Since it is less stable and there-
fore warmer, far fewer polar stratospheric clouds however
form in the Arctic polar vortex than in its Antarctic counter-
part.
When sunlight returns to the polar region after the winter,
ozone is lost in photochemical reactions driven by catalyst
species such as Clx, NOx and HOx. Ozone losses that occur
above 25km in the Arctic and Antarctic regions are mainly
caused by NOx. The near total depletion of ozone that occur
in the Antarctic polar vortex below ∼22km altitude is how-
ever predominately caused by Clx built up during the winter
(Solomon,1999). OzonelossesdrivenbyClx areontheother
hand much smaller in the Arctic vortex and occur mainly af-
ter colder than average winters.
To measure how much ozone is destroyed one must fol-
low air parcels that move in the stratosphere so they can be
sampled at consecutive times. The so called Match tech-
nique is a lagrangian approach to this problem (Rex et al.,
1998). It involves calculating three dimensional trajecto-
ries of air parcels that undergo wind driven advection on
isentropic surfaces and vertical transport due to radiative
cooling of the winter stratosphere. Ozone destruction in
the air parcels is subsequently estimated by comparing bal-
loon sonde measurements at the start and at the end of the
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Fig. 1. Average December altitudes of the isentropic levels used in
the DIAMOND model. Potential temperatures in Kelvin.
calculated trajectories. It should be possible to use this tech-
nique also with satellite data but individual satellite measure-
ments are by and large more noisy which makes the method
more difﬁcult to implement. Ozone depletion is instead of-
ten estimated by taking daily averages of all satellite mea-
surements inside the polar vortex. To keep track of the polar
vortex which moves, changes its shape and sinks during the
winter, stratospheric constituents with low chemical reactiv-
ity can be followed (Profﬁtt et al., 1993). Sampling the entire
polar vortex at once does however give a rather low spatial
resolution. The temporal and spatial coverage of the Match
technique is on the other hand limited by the number of bal-
loon sondes available for analysis.
The objective of this study is to demonstrate how ozone
depletion can be mapped and quantiﬁed by assimilating
ozone data from satellites into a wind driven transport model.
By assimilating large sets of satellite data the random noise
in the individual satellite ozone proﬁles is averaged out in
the model. The transported ﬁelds can subsequently be com-
pared to later sets of incoming satellite data for the purpose
of determining the rates and geographical distribution of po-
lar ozone depletion.
In Sect. 2 of this paper we present a low-diffusive trans-
port and assimilation model, DIAMOND, that has been de-
veloped to carry out the strategy outlined above. The model
has been used for studying destruction of polar ozone in the
lower stratosphere by assimilating ozone proﬁles from the
Odin/SMR and ENVISAT/MIPAS satellite-instruments, de-
scribed in Sect. 3 and Sect. 4. The assimilated ozone ﬁelds
in the DIAMOND model have been validated by comparison
to balloon sonde measurements made at the south pole and
at Ny-˚ Alesund (79◦ N, 12◦ E). Vertical transport in the polar
vortexhasfurthemorebeentracedbyassimilatingchemically
inert nitrous oxide retrieved by Odin/SMR.
A study of vertical transport in the polar vortex of the
Antarctic winter of 2003 is presented in Sect. 5 and a study
of ozone depletion during that winter is presented in Sect. 6.
Vertical transport and ozone depletion in the Arctic winter
of 2002/2003 is studied in Sect. 7 and Sect. 8 respectively.
The ozone depletion estimates found using the DIAMOND
model are discussed and compared to other studies in Sect. 9.
2 The DIAMOND model
The DIAMOND model, (Dynamical Isentropic Assimilation
ModelforOdiNData), hasbeendesignedtoaccomplishlow-
dispersive off-line wind-driven ozone transport in the lower
stratosphere. Horizontal advection has been modeled on 12
separate isentropic surfaces between 425 and 975K which
correspond roughly to altitudes in the range 15 to 35km. See
Fig. 1. Since potential temperatures in dry air are conserved
underadiabaticconditionsverticaltransportacrossisentropic
layers is generally slow in temperate and polar regions. An
exception to near adiabatic conditions occurs however during
the polar winter night when there is strong radiative cool-
ing of air masses inside the polar vortex. In this study verti-
cal transport has been monitored by keeping track of chem-
ically stable N2O that has been assimilated in parallel with
the ozone ﬁelds.
TheDIAMONDmodelisusedforquantifyingpolarozone
depletion by subtracting passively transported ozone ﬁelds
from ﬁelds of assimilated satellite data. Chemistry has there-
fore been omitted from the model. The reactivity of ozone
in the polar regions tend furthermore to be rather low at al-
titudes below 25km except when fast photolytic destruction
of ozone occurs in air masses that have been heterogenically
ClOx activated during the winter.
2.1 Transport model
The DIAMOND model has been designed for studying the
polar regions. Horizontal transport has therefore been mod-
eled on a square grid that is centred over one pole and ex-
tends to the equator. See Fig. 2. With a grid like this it has
been possible to achieve high spatial resolution without us-
ing ultra ﬁne time discretisation which is generally a limiting
factor for latitude/longitude grids that have very ﬁne zonal
grid spacing near the poles. The simplicity of the grid has
also facilitated implementing the advection scheme. The fact
that the grid does not provide global coverage is on the other
hand a disadvantage but it is tolerable since equatorial air
masses need several weeks to reach the regions surrounding
the polar vortex. Another obvious disadvantage is that the
square shape of the grid is distorted in the equatorial region.
By transforming the off-line wind ﬁelds to the local non-
Cartesian coordinate systems one can eliminate transporta-
tion errors but the use of a rhomboid grid adds some numer-
ical diffusivity to the transport scheme. The square shape of
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thegridishoweverwellretainedoverthepolarregionswhere
ozonedepletionoccurs. Agridspacingof167×167km(over
the pole) and a time-step of 10min length has been used in
this study.
Horizontal off-line wind driven advection has been imple-
mented using the Prather transport scheme (Prather, 1986).
It is a mass conservative Eulerian type of transport scheme
that achieves very low numerical diffusivity by storing and
transporting the ﬁrst and second order spatial derivatives of
tracer ﬁelds as well as the average tracer concentration in
each grid-box. The Prather scheme is thus much more time
consuming than a simple upstream transport scheme but the
low numerical diffusivity achieved is essential when quan-
tifying ozone depletion processes that proceed over several
months. Wind ﬁelds obtained from the European Centre for
Medium-range Weather Forecasts, ECMWF, have been used
to force the advection scheme in this study.
Vertical transport is generally not implemented in the DI-
AMOND model except when there is substantial radiative
cooling of air masses inside the polar vortex during the polar
night. The rate of decent of air masses in the vortex is de-
termined by assimilating chemically inert N2O and tracing
the vortex average concentrations on different model levels.
(The decent in the Antarctic vortex of 2003 and the Arctic
vortex of 2002/2003 are presented in Sects. 5 and 7 respec-
tively.) The rates of decent obtained are subsequently used
to drive vertical transport of ozone inside the vortex. The
vertical transport is implemented using one using one simple
upstream step per day.
2.2 Assimilation scheme
Satellite data are assimilated into the DIAMOND model us-
ing a sequential algorithm that can be described as a variant
of the familiar Kalman ﬁlter. A ﬁeld containing estimates of
the errors in the model is thus built up and transported along-
side the ozone ﬁeld for the purpose of weighting in new data
in an optimal way. In each model time-step the assimilation
algorithm updates the subset of grid points that are located
within 3000km of any satellite observations that have been
made. New data is weighted in according to the formula be-
low where Xb is a column vector containing the subset of
model grid-points that are affected by assimilation, Xa is the
same subset of the model grid after assimilation and Y is a
vector containing the satellite data to be assimilated. H is an
operator for linear interpolation from the model grid to the
locations of the satellite measurements and W is an optimal
weighting matrix that is derived in each time-step (Daley,
1991).
Xa = Xb + W(Y − H(Xb)) (1)
The optimal weighting matrix, W, is derived using estimates
of the noise in the satellite measurements, given in a covari-
Fig. 2. The shape of the grid used in the DIAMOND model.
ance matrix R, and estimates of the errors in the model ﬁeld,
given by two covariance matrices Sbo and Soo.
W = Sbo(Soo + R)−1 (2)
To be more precise, Sbo is a cross covariance matrix of the
model errors in the vector Xb and the model errors at the
points of satellite observations, H (Xb). Soo is on the other
hand a covariance matrix for the errors in H (Xb) alone.
R =
D
(Y − Yt)(Y − Yt)T
E
(3)
Sbo =
D
(Xb − Xt)(H(Xb) − H(Xt))T
E
(4)
Soo =
D
(H(Xb) − H(Xt))(H(Xb) − H(Xt))T
E
(5)
Xt and Yt in the formulae above denote the true atmospheric
concentrations of the tracer at the grid-points and at the
points of satellite observations respectively and

 
denotes
the operator for expectation values.
To derive W it is thus necessary to estimate the matrixes
Sbo and Soo. A computationally efﬁcient solution to this
problem can be implemented by estimating the correlation
between different points in the model, (indexed i and j), with
an empirical correlation function F(i,j) so that only σi, (the
estimated error standard deviations in the actual grid points),
have to be stored and transported (Menard et al., 2000).
Sij = σiσj ∗ F(i,j) (6)
The correlation function, F(i,j), must be chosen empiri-
cally to ﬁt the particular transport model that it is used with.
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Fig. 3. The correlation distance parameter L has been tuned to
a value for which the distribution of the dimensionless quadratic
form (Y − H(X))T (Soo + R)−1(Y − H(X)) ﬁts a theoretical χ2-
distribution.
One way to simplify this process is to assume that F(i,j) is
a function of the geographical distance, rij, between the two
grid points i and j. This methodology has for example been
described in (Khattatov et al., 2000) where several different
function types were evaluated as candidates for F(rij). One
function that they found favourable was the Gaussian shaped
function. It has therefore been used in the Diamond model.
F(i,j) = exp

−
r2
ij
2L2

(7)
The Gaussian function is ﬁtted to the model by adjusting the
parameter L to a value where empirical agreement is reached
between F(rij) and error correlations observed in the model.
Assimilationofnewdataisobviouslyaprocessthatlowers
the error standard deviation estimates in the σ ﬁeld. Con-
sequently Kalman ﬁltering theory describes how the ﬁeld
should be updated when assimilation has occurred.
σa
2 = σb
2 − diag(WST
bo) (8)
There are on the other hand also factors like chemical pro-
cesses in the stratosphere and imperfections in the transport
scheme that makes it necessary to add a growth term to the σ
ﬁeld. In the DIAMOND model, linear increment with time
has been used to approximate the growth of uncertainty in
the tracer ﬁelds.
σ(t+1t) = σt + kσ ∗ 1t (9)
Both L and kσ are parameters that must be tuned empiri-
cally. Ideally they should be set to values that minimise the
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Fig. 4. Observations minus model background on the 475K poten-
tial temperature level. All observations included in the histograms
were made north of 30◦ N during January, February and March of
2003.
difference between model forecasts, Hn(X), and individual
satellite observations, yn, in a least squares sense.
N X
n=1
(yn − Hn(X))2
.
N (10)
This least squares value is however not very sensitive to ei-
ther L or kσ once the assimilation model has run for a few
days. The error growth rates, kσ, on the different model
levels has therefore been set to values for which agreement
is achieved between the model error standard deviation es-
timates, σx, and the observed variance between model and
satellite observations.
L has on the other hand been derived by evaluating the
quadratic form in expression (11) below. The dimensionless
values given by the expression are expected to be distributed
according to the so called χ2-function of order equal to M
(the number of elements in Y) if the matrices R and Soo pro-
vide correct estimates of the error covariances for the vectors
Y and H(X) respectively. R is not controlled by any as-
similation parameter since it is supplied in the satellite data.
The non diagonal elements in Soo are on the other hand func-
tions of L. The parameter has thus been tuned to the value
920km for which the expected χ2-distribution was found,
(see Fig. 3).
(Y − H(X))T(Soo + R)−1(Y − H(X)) ∼ χ2
M (11)
3 Odin/SMR
The Odin satellite, launched in 2001 as a joint venture by
the national space agencies of Sweden, Canada, Finland and
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Fig. 5. Assimilated ﬁelds of ozone on the 475K potential temperature level compared to ﬁelds passively transported from 1 August of 2003.
The ﬁelds in the top row represent the number of hours of sunlight that has fallen on the air masses in the model since 1 August, the middle
row contains assimilated ﬁelds of ozone proﬁles from ENVISAT/MIPAS and the bottom row contains ﬁelds passively transported from 1
August without any new data assimilated into them. The dashed lines outline the border of the polar vortex.
France, completes ∼15 near-terminator polar orbits per day
withdescendingnodesat06:00hlocalsolartime. Itspayload
consists of two different limb scanning instruments, SMR
(Sub-Millimetre Radiometer) and OSIRIS (Optical Spectro-
graph/InfraRed Imaging System), that obtain vertical proﬁles
of ozone and other trace species in the middle atmosphere
(Murtagh et al., 2002). The SMR instrument is however also
used for radio-astronomy which means that 50% of the satel-
lites operational time is used for astrophysics instead of Earth
observations.
The OSIRIS instrument detects visible and infrared light
scattered from the sun. It can therefore not make observa-
tions when the sun is below the horizon of the satellite in the
winter hemisphere. Consequently no data from the OSIRIS
instrument has been used in this study.
The SMR instrument comprises four tunable Schottky-
diode single-sideband heterodyne microwave receivers. In
the basic mode for stratospheric observations, two of the
receivers covering the 486–504GHz and 541–558GHz fre-
quency bands respectively, are used to detect microwave
emission lines in the spectra of O3, N2O, ClO and HNO3.
Two separate lines, centred at 501.5GHz and 544.9GHz re-
spectively, are observed in the spectrum of ozone. The ozone
data used in this study have been retrieved from the 501.5
GHz line using the Chalmers-v2.0 retrieval scheme. The ran-
dom noise standard deviation in the individual ozone proﬁles
is below 1.5ppmv and the estimated systematic errors are
less than 0.75ppmv (Urban et al., 2006, 2005). In the po-
lar regions the ozone proﬁles thus obtained cover altitudes
in the range 12–50km with ∼3km altitude resolution. The
N2O data used in this study have been retrieved from a line at
502.3GHz using the same software. The N2O proﬁles cover
altitudes in the range 12–60km with ∼1.5km altitude res-
olution. The noise in the individual N2O proﬁles is below
30 ppbv and the estimated systematic errors are less than
12ppbv (Urban et al., 2006, 2005).
4 ENVISAT/MIPAS
The ENVISAT satellite, launched in 2002 by the European
Space Agency (ESA), completes ∼15 polar orbits per day
withdescendingnodesat10:00hlocalsolartime. Itsmission
comprises monitoring the land, ice, oceans and atmosphere
of the Earth providing data for environmental research. Ten
different instruments are included in its payload, three of
which GOMOS, MIPAS and SCIAMACHY were designed
to study trace gases in the atmosphere.
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Fig. 6. Estimates of ozone depletion in the 2003 Antarctic spring made by comparing assimilated ﬁelds of ENVISAT/MIPAS data to
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The MIPAS instrument, (Michelson Interferometer for
Passive Atmospheric Sounding), is a passive limb scanning
high-resolution Fourier transform spectrometer for the mid-
dle infrared region. The instrument is primarily designed to
retrieve atmospheric proﬁles of ozone and other atmospheric
trace species, including CFC’s and the complete NOy family,
but it can also provide estimates of tropospheric cirrus and
stratospheric ice clouds including polar stratospheric clouds
(Endemann, 1999). The data retrieval scheme for ozone and
other trace gases is described in Ridolﬁ et al. (2000). The
MIPAS ozone proﬁles used in this report have been pro-
duced using the 4.61 version of the retrieval software and
cover the altitude range 8–55km with 3km altitude resolu-
tion. The noise level in the individual ozone proﬁles is below
10% of the proﬁle volume mixing ratios, (Ridolﬁ et al., 2000;
Raspollini et al., 2006), which typically corresponds to less
than 0.5ppmv below 25km altitude in the stratosphere.
The distribution of MIPAS ozone observations minus DI-
AMOND model forecasts on the 475K level is presented in
Fig. 4. The distribution of Odin/SMR ozone observations
minus DIAMOND model forecasts on the 475K level is also
presented. OnecanclearlyseethattheOdin/SMRozonedata
is much more noisy than the data from ENVISAT/MIPAS.
(Different scales have been used for the y-axes of the two his-
tograms to make it possible to see the random distributions
of the two sets of data. It may therefore seem like less data
from ENVISAT/MIPAS than from Odin/SMR are included
in the ﬁgure although the number of ozone proﬁles from EN-
VISAT/MIPAS is more than twice the number of Odin/SMR
proﬁles.)
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5 Vertical transport in the Antarctic polar vortex of
2003
N2O data from Odin/SMR have been assimilated in the DI-
AMOND model to keep track of the vertical transport pro-
cesses. The mixing ratio of N2O decreases rapidly with
altitude since the species is destroyed by high energy UV-
radiation in the upper stratosphere. N2O is on the other hand
chemically inert at lower altitudes and in the polar night and
can therefore be used as a passive tracer to monitor trans-
port in the polar vortex. Time series of model vortex average
N2O mixing ratios are plotted in Fig. 9. The vortex averages
are deﬁned as the average mixing ratio on the 30millionkm2
area with lowest N2O concentration on each potential tem-
perature level in the DIAMOND model. N2O samples of
equal size have thus been obtained on all levels in the vortex
whichmakesthesampleaveragesrelevantfortracingvertical
transport in it. Using samples with constant size throughout
the months studied is furthermore a consistent way of deﬁn-
ing the polar vortex. The 30millionkm2 samples are how-
ever well retained within the vortex borders as deﬁned by the
contours of maximum gradient in the N2O ﬁelds.
The N2O mixing ratios in Fig. 9 decrease rapidly from
May to late July, indicating fast radiative cooling of the polar
vortex during this period. From early August to late October
the mixing ratios were on the other hand more stable which
indicates that transport between different potential tempera-
ture levels was slow. By following the vortex average N2O
mixing ratios we estimate that the potential temperatures on
all four levels described in Fig. 9 decreased by ∼10K during
August and remained stable in September and October. Ver-
tical transport thus had a small impact on the ozone mixing
ratios in the vortex during these months since the potential
temperature difference between model levels is 50K and the
ozone mixing ratios in the polar vortex generally differ with
10–20% between model levels.
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Fig. 8. Assimilated satellite data compared to balloon sonde measurements made over the south pole during the Antarctic winter of 2003.
The solid lines represent the ozone mixing ratios found directly over the south pole in the DIAMOND model and the stars represent sonde
measurements made at the same location. The sonde data has been obtained from the Network for the Detection of Atmospheric Composition
Change (NDACC) and is publicly available (see http://www.ndacc.org).
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6 Ozone depletion in the Antarctic Winter of 2003
The ozone destruction that occurred in the Antarctic polar
vortex of 2003 has been studied by comparing assimilated
ﬁelds of ozone to ozone ﬁelds that have been passively trans-
ported from 1 August of that year. To avoid issues associ-
ated with spin-up of the model the initial ozone ﬁelds were
obtained by assimilating ozone proﬁles into the DIAMOND
model for more than two months prior to 1 August. Vertical
transport was not implemented in the Diamond model after
1 August since assimilated N2O ﬁelds indicated little such
transport (see Sect. 5).
The time evolution on the 475K potential temperature
level can be seen in Fig. 5. The top ﬁelds in the ﬁgure repre-
sent the hours of sunlight that had fallen on the air masses in
the model since 1 August. The middle row contains assim-
ilated ﬁelds of ozone proﬁles from ENVISAT/MIPAS and
the bottom row contains ﬁelds passively transported from 1
August without any new data assimilated into them. The ini-
tial ozone ﬁelds were obtained by assimilating ozone proﬁles
into the DIAMOND model for more than two months prior
to 1 August. Substantial depletion of ozone can be seen in
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Fig. 10. Assimilated satellite data compared to balloon sonde mea-
surements made over Ny-˚ Alesund (79
 N, 12
 E) during the Arctic
winter of 2002/2003. Same source of sonde data as in Fig. 8.
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Fig. 10. Assimilated satellite data compared to balloon sonde measurements made over Ny-˚ Alesund (79◦ N, 12◦ E) during the Arctic winter
of 2002/2003. Same source of sonde data as in Fig. 8.
the polar vortex as the air masses become exposed to sun-
light. Large scale ozone destruction thus occurs ﬁrst at the
outer edges of the vortex in August and reaches the central
polar vortex by the end of September.
Quantitative estimates of the 2003 Antarctic ozone deple-
tion have been made using assimilated ﬁelds of ozone data
from ENVISAT/MIPAS and Odin/SMR. See Figs. 6 and 7
respectively. Both sets indicate that ozone destruction started
at the outer edges of the polar vortex in August and spread to
the central vortex by mid September. The Odin/SMR ﬁelds
however indicate signiﬁcantly less depletion than the EN-
VISAT/MIPAS ﬁelds on the 425 and 475K potential tem-
perature levels. By mid October the ENVISAT/MIPAS data
indicate ozone depletion in the ranges 80–100% and 70–90%
onthe425and475KlevelsrespectivelywhiletheOdin/SMR
data indicates depletion in the ranges 70–90% and 50–70%.
An obvious prerequisite for obtaining correct estimates of
polar ozone depletion using the method presented above is
that the satellite instruments used to collect the ozone data
detects all ozone depletion that occurs in a quantitatively cor-
rect manner. Constant systematic errors in the satellite data
can be tolerated but they must not change over the time pe-
riod that is studied.
The assimilated ﬁelds obtained from ENVISAT/MIPAS
and Odin/SMR data have been compared to balloon sonde
measurements in Fig. 8. The stars represent balloon sonde
measurements made at the south pole and the solid lines rep-
resent the ozone concentrations found in the DIAMOND as-
similation model over the same location. One can see that the
assimilated ﬁelds of ENVISAT/MIPAS data agree fairly well
to the balloon sondes except on the 525K level from late
September throughout October when the assimilated ﬁelds
give ozone concentrations that are roughly 1ppm higher than
the sonde measurements. Otherwise the concentrations in the
assimilated ﬁelds of ENVISAT/MIPAS data generally stay
within 0.25ppm of the sondes. (A separate paper is currently
under preparation in which the assimilation model is used for
validating MIPAS data.)
The assimilated ﬁelds obtained using Odin/SMR data do
on the other hand not agree well with the sonde measure-
ments on the 425, 475 and 525K potential temperature lev-
els. The assimilated ozone concentrations are too low before
large scale depletion occurs and too high after the ozone hole
has formed. Estimates of ozone depletion made using this set
of data will thus underestimate the ozone depletion. These
biases are currently under investigation by the Odin/SMR
science team at the Chalmers University of Technology.
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different potential temperature levels in the Arctic polar vortex of
2002/2003. The vortex averages have been obtained from assimi-
lated ﬁelds of Odin/SMR N2O data.
7 Vertical transport in the Arctic polar vortex of
2002/2003
The time evolution of vortex average N2O mixing ratios in
the Arctic winter of 2002/2003 are presented in Fig. 11. Sub-
stantial vertical transport across the model potential temper-
ature levels are indicated by the falling mixing ratios. We
estimate that the potential temperatures of air masses fell by
∼1K per day in November and December and by ∼0.7K
per day in January and early February. The ozone mixing
ratios in the vortex increased therefore during the same pe-
riod due to vertical transport of more ozone rich air masses
from higher altitudes. Due to this effect vertical transport has
been implemented in the DIAMOND transport model when
used to estimate ozone depletion in the Arctic polar vortex of
2002/2003.
8 Ozone depletion in the Arctic Winter of 2002/2003
Temperatures in the 2002/2003 Arctic polar vortex were
low enough to sustain polar stratospheric clouds from mid
November to mid January leading to 15–30% activation of
chlorine reservoir species in January and February (EORCU,
2003). ClOx catalyzed photochemical destruction of ozone
was therefore possible in sunlit areas of the vortex.
Assimilated ﬁelds of ENVISAT/MIPAS and Odin/SMR
data have been compared to ozone sonde measurements
made at Ny-˚ Alesund (79◦ N, 12◦ E), see Fig. 10. The EN-
VISAT/MIPAS ﬁelds agree well to the sonde data while
discrepancies can be seen between the sondes and the
Odin/SMR ﬁelds. Neither sonde nor satellite data however
show any clear signs of ozone depletion. (Ny-˚ Alesund was
located outside the polar vortex for a 10 day period in the lat-
ter half of February causing low ozone mixing ratios on the
425K potential temperature level and elevated mixing ratios
on the levels above during this period.)
Ozone depletion occurring in the Arctic polar vortex af-
ter 1 January 2003 have furthermore been studied using the
methodology outlined in Sect. 6. The time evolution on the
475K potential temperature level is presented in Fig. 12.
Row (A) in the ﬁgure describes the number of sunlit hours
from 1 January, row (B) describes the temperatures on the
respective days and the white lines outline the polar vortex
border deﬁned as the contour of maximum gradient in the
assimilated N2O ﬁelds. Rows (C) and (D) describe ozone
depletion derived using ENVISAT/MIPAS data and rows (E)
and (F) describe ozone depletion derived using Odin/SMR
data. Vertical transport at a rate of 0.7K per day was imple-
mented in the vortex during January and the ﬁrst 10 days of
February when deriving rows (C) and (E) while no vertical
transport was implemented when deriving rows (D) and (F).
By including vertical transport in the passive transport model
we observe ∼5% additional ozone destruction compared to
when vertical transport is not implemented.
The ENVISAT/MIPAS ﬁelds in rows (C) and (D) indicate
10–20% ozone destruction in the central polar vortex by the
end of January. The ﬁelds do on the other hand not indicate
any signiﬁcant destruction of ozone near the outer edges of
the vortex which is unlike the pattern observed in the south-
ern hemisphere where large-scale destruction of ozone be-
ginsatthevortexouteredgesbeforeitreachesthevortexcen-
tre. One plausible explanation for the difference is that large
scale chlorine activation only occurred in the colder central
regions of the 2002/2003 Arctic polar vortex.
The Odin/SMR ﬁelds in rows (E) and (F) indicate 20–
30% ozone depletion in the central vortex by the end of Jan-
uary. The areas affected by ozone destruction subsequently
grow until mid February after which large scale mixing occur
across the vortex border masking the effect of the preceding
ozone destruction.
9 Conclusions
In this study we have demonstrated how the DIAMOND
transport and assimilation model can be used to map and
quantify Antarctic as well as Arctic polar ozone depletion.
The ozone destruction observed in the Antarctic polar vor-
tex of 2003 was spatially conﬁned to regions where sunlight
had returned after the polar night. Large scale ozone deple-
tion thus started at the outer edges of the vortex in August
and reached the central region by mid september. The ozone
destruction found in the Arctic winter of 2002/2003 was on
the other hand mainly conﬁned to the central regions of the
vortex.
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Fig. 12. A study of Arctic ozone depletion on the 475K potential temperature level during the winter of 2002/2003 made by comparing
assimilated ﬁelds of ENVISAT/MIPAS and Odin/SMR ozone data to ﬁelds passively transported from 1 January. The percentages displayed
were calculated using the formula: 100×[(active ﬁeld)–(passive ﬁeld)]/(passive ﬁeld). Row (A) describes the number of hours of sunlight that
has fallen on the air masses in the model since 1 January. Row (B) describes the temperatures on the 475K potential temperature level. Rows
(C) and (D) describe estimates of ozone depletion made by comparing assimilated ﬁelds of ENVISAT/MIPAS data to passively transported
ﬁelds. Vertical transport was implemented in DIAMOND when deriving row (C) but not when deriving row (D). Rows (E) and (F) describe
estimates of ozone depletion made using assimilated ﬁelds of Odin/SMR data. Vertical transport was implemented in DIAMOND when
deriving row (E) but not when deriving row (F). The solid white lines outline the border of the polar vortex.
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Signiﬁcant differences have been found between esti-
mates of ozone depletion made using data from the EN-
VISAT/MIPAS and Odin/SMR instruments. In the Antarc-
tic winter of 2003 assimilated ﬁelds of ENVISAT/MIPAS
data indicated vortex ozone depletion in the ranges 80–100%
and 70–90% on the 425 and 475K levels respectively while
Odin/SMR data indicated depletion in the ranges 70–90%
and 50–70% on the same levels. By comparing the assimi-
lated ﬁelds to balloon sondes released at the south pole we
have deduced that this discrepancy can be attributed to sys-
tematic errors in the Odin/SMR data. See Fig. 8.
Estimates of Arctic ozone depletion on the 475K level be-
tween 1 January and the end of February are presented in
Fig. 12. Using data from ENVISAT/MIPAS we have de-
duced 10–20% ozone depletion in the central region of the
vortex while we have deduced 20–30% depletion using data
from Odin/SMR.
The rates of ozone depletion in the Arctic winter of
2002/2003 has been studied using the Match method in
Streibel et al. (2006) and by obtaining vortex averages of
ozonezondemeasurementsinChristensenetal.(2005). Both
papers describe 1.0–1.25ppmv accumulated vortex ozone
losses on the 475K level during January and February which
corresponds to ∼30% destruction of the vortex ozone on that
level. The two studies thus agree with the results we have
obtained using Odin/SMR data while the ENVISAT/MIPAS
instrument seems to be underestimating the ozone depletion
in the Arctic winter of 2002/2003.
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